Abstract-In this paper we describe an Artificial Gene Regulatory Network (AGRN), whose form and function are inspired by biological epigenetics. This new architecture, termed an Artificial Epigenetic Network (AEN), is applied to the coupled inverted pendulum task, a control task that has complex non-linear dynamics. The AENs show significant benefits over previous AGRNs. Firstly, when applied to the coupled inverted pendulum task, they show a significant performance increase. In addition, the AENs self-partition, applying different genes to control different dynamics within the task, which is more analogous to gene regulation in nature. These networks also make it possible to gain user control over the dynamics of the network via the modification of the epigenetic layer.
I. INTRODUCTION
Genes are fundamental components of natural systems, specifying a segment of information which an organism uses to perform a specific function. Genes are the building blocks of gene regulatory networks, the structures which underpin an organism's control of its internal environment [1] and its phenotype [2] . Gene regulatory networks have been a key focus in scientific research because they determine an organism's possible phenotypic states [3] and, because of this, can provide considerable insights into disease states and treatments [4] , [5] .
A gene is a section of DNA that is typically used to encode the structure of a protein [1] . A protein can be seen as a molecular machine which facilitates a significant amount of the biochemical reactions that occur within an organism [6] . Gene regulation serves as one of the primary control structures within an organism. Moreover, gene regulatory networks show high levels of tolerance to external and internal perturbations [7] , [8] , a valuable attribute within uncertain environments.
In terms of computation, gene regulatory networks are of interest because they are a high level control structure that demonstrates robustness to external perturbations. Moreover, they are highly adaptive to environmental change [9] . Due to this, there has been a wealth of research into trying to capture these properties within computational models [10] , [11] , [12] , [13] .
One of the key issues when modeling biological systems is choosing an appropriate level of abstraction. Kauffman modeled genes and their connections using the random Boolean network in which the expression of genes is Boolean, and their future actions were based on combinatoric state transition rules. Despite their apparent simplicity, these models have been shown to have robustness, and moreover, they can model real regulatory circuits [12] .
The hypothesis behind this research is that higher order genetic structures are able to create more complex species. Related to this, our previous work has shown that the introduction of an analogue of epigenetics in AGRNs increases performance when controlling complex dynamics [13] . This paper builds upon this by constructing a more biologically realistic model of gene regulation for the control of complex dynamics.
II. BACKGROUND A. Epigenetics
Epigenetics refers to mechanisms that result in heritable changes to genetic expression without modifying the genetic code [14] . Both logically and physically, epigenetics can be seen to be working above gene regulatory networks to dynamically change their state. In terms of their evolution, the introduction of epigenetic mechanisms provided a structure in which genetic switches can be created without being a product of the underlying genetic code, such as in the lac operon [15] . This provides multiple benefits for an organism. It allows for a greater level of complexity [16] , twinned with the ability to increase efficiency by allowing redundant genes to be switched off. This increased complexity is a significant contributing factor in the evolution of complex species. An example of this is human stem cells, which specify all possible cell types needed to create and maintain the human body. Stem cells have the ability to differentiate into different types of cells [17] , [18] , [19] . In order for cells to differentiate, two key things have to happen. First, there has to be a change in gene expression within the cell which causes the phenotypic change. Secondly, this change has to be inherited in future generations in order for the cell type to remain the same. Epigenetics is the bridge between genotype and phenotype that allows this to happen.
1) Chromatin modifications: DNA is a biological structure which holds genetic information in the form of complementary nucleobases (adenine, thymine, cytosine, guanine). These nucleobases are the encoding of biological data within DNA, and are physically held together by a sugar phosphate backbone [20] . In order for complex organisms to contain their DNA Fig. 1 . An illustration of the DNA being coiled around the histone octamer into a chromatin fibre, and further into the chromosome within the nucleus, it has to be condensed. This is done by wrapping the DNA through 1.67 toroidal super helical turns around a histone octamer. This combination of histones and DNA is called the nucleosome. Nucleosomes then further condense to form chromatin [21] , and then further to form the chromosome ( Figure 1 ). In order for the cellular machinery to access the underlying DNA structure and transcribe a gene, chromatin has to provide a path to access it. Hence, modifying the structure of chromatin can directly affect gene expression. Chromatin allows for modifications to its structure to occur dynamically, so that it can consistently change shape and alter the gene expression of the organism [22] , [20] , [14] . In addition, chromatin allows for a higher level of complexity within organisms, as chromatin acts as a control layer above the DNA, modifying which genes are active at any given time.
2) DNA Methylation: DNA methylation is the process of marking the cytosine or adenine base of DNA via the addition of a methyl base (Figure 2 ). This marker has been shown to act as a transcriptional regulator within the cell [23] , [24] , where areas of high methylation frequently coincide with low levels of transcription.
The methylation of DNA usually results in a more stable long term effect on gene expression than that of dynamic chromatin modifications [25] . Research has also shown that DNA methylation and chromatin modifications are intrinsically linked [26] , [27] .
III. ARTIFICIAL EPIGENETIC NETWORK (AEN)
The Artificial Epigenetic Network builds upon work in [13] by incorporating a more realistic epigenetic control layer. In [13] the epigenetic control layer consisted of a list of Boolean switches that specified which genes would be active during each component of a multi-stage control task. When applied to the control of a trajectory in Chirikov's standard map, a chaotic dynamical system, these Boolean switches (if changed at an appropriate point within a task) increased the performance when guiding trajectories through the map.
Here, we build on this idea by creating an epigenetic representation which alters the state of the underlying artificial gene regulatory network (AGRN) autonomously. This draws inspiration from epigenetics, specifically the dynamic modification of underlying gene expression resulting from chromatin modifications. The combination of the AGRN and the autonomously changing epigenetic controller create the Artificial Epigenetic Network (AEN).
A. Artificial Genes
An AGRN consists of a set of artificial genes, the components of which are listed in Table I . Each gene within the network has connections to other genes, which it uses to update its expression level. The expression level is calculated using the sigmoid function in equation (1), where
] and x is the weighted sum of the expressions of connected genes (2) .
Each gene represents its connections to other genes using an indirect reference space. In previous work [28] , [29] , the use of indirect representation has demonstrated advantages in terms of the evolvability of the underlying structure. It is particularly Fig. 3 . Illustration of the reference space of the genes. If any gene's identifier lies within the region of another genes identifier ± its proximity, the former gene is used as a connection to update the expression of the latter gene. Form this example, the connections for gene 1 are genes 2 and 3, gene 2 is connected to gene 1, gene 3 is connected to gene 4, and gene 4 has no connections.
important for this work as the connections between genes change throughout execution, and this provides an efficient way to evaluate them at each time. An example of a reference space is shown in Figure 3 . The green bars refer to each gene's identifier ± its proximity (a range between the values of (identifier − proximity) and (identifier + proximity) and the red cubes refer to its identifier. If a gene's identifier lies within another genes identifier ± its proximity, the former gene is a connection of the latter.
An AGRN is a network that consists of a number of genes. The AGRN executes by taking a set of inputs which are mapped on to designated input genes. Each gene then updates its expression value according to its connections within the network. The outputs of the network are the expression values of the output genes. In this case, the AGRN's inputs and outputs are specified by the order of the genes in the network (The lowest are the inputs, highest the outputs).
B. Artificial Epigenetics
The purpose of artificial epigenetics is to operate alongside an AGRN to block genes from updating their expression values at certain points during the execution of the network. Each epigenetic molecule consists of the components in Table II . The epigenetic molecules derive their connections in the same way as the genes. They then use these connections in the same way as the genes, but instead of producing an expression value, the value is used as a switch to change the activity of the molecules. If the value is over 0.5 the molecule becomes The remaining variables in the epigenetic molecule, the identifier to inhibit expression and the proximity of inhibition specify a range, which if the epigenetic molecule is active, prevents genes within this range from updating their expression value or being used by other genes as a connection. Essentially, if a gene's identifier lies within the inhibition space of an active epigenetic molecule, that gene is effectively removed from the network. In addition, if a gene is inhibited by an epigenetic molecule, its expression will be set to 0. An illustration of this can be seen in Figure 4 .
This mechanism allows the epigenetic molecules to have the ability to become active and inactive during execution, thus allowing the dynamical behaviour of the network to change during execution.
C. Execution of the AEN
The algorithm below highlights the key steps in the initialisation and execution of the AEN. Map network outputs back to the task
IV. COUPLED INVERTED PENDULUMS TASK
The coupled inverted pendulums benchmark [30] , [31] consists of a number of carts that exist on a track with a pendulum attached to the middle of the cart(s), hanging vertically below ( Figure 5 ). If the number of carts on the track is > 1, each cart is coupled to its nearest neighbour(s). This restricts the movement of the carts depending on its neighbours' positions. The objective of the task is to move the carts in such a way that all pendulums move from hanging vertically downwards to being aligned upright. The fitness function is an aggregate of the percentage of time steps that all pendulum(s) spend in the upright position.
During a simulation, the state of each cart is given by 10 sensor values (Table III) . Each cart is moved by modifying its actuators, one per wheel of each cart (each cart has 2 wheels). The cart moves according to the difference between the two actuator values.
The coupled inverted pendulums benchmark has key properties which make it suitable for the application of AENs. The task is complex with non linear dynamics which will test the overall functionality of the networks to be able to learn to control such dynamics. Therefore, it will test the networks ability to express complex behaviours. Additionally, to produce an optimum solution, the networks must be able to perform at least two different sub-tasks: to manoeuvre the pendulum into the upright position, and then to keep it there. Actuators 0
TABLE III SENSOR OUTPUTS DESCRIBING THE STATE OF EACH CART
Hence, this gives the opportunity for the epigenetic control layer to specify that certain genes will be active when moving the pendulum to the upright position, and others to maintain it there.
V. METHODOLOGY
There are two questions we wish to address with this investigation:
• To ascertain if the epigenetic molecules can successfully partition the networks to apply certain genes to certain tasks.
• If this is possible, to understand the performance benefits in the coupled inverted pendulums task. To address the first question, we performed network analysis to show how the epigenetic molecules alter the network structure during execution. To address the second question, we compared the AENs to AGRNs (AENs without any epigenetic control), providing a clear comparison to measure performance increases due to epigenetic molecules.
Prior to execution, the AEN has two key parameters that have to be set. The number of genes in the network and the number of epigenetic molecules. This is done heuristically, depending on the structure and size of the network.
The networks used were of varying size, between 12 and 30 genes (12 being the minimum number for a functioning network, 10 inputs, 2 outputs). Each network contained between 2 and 5 epigenetic molecules. The fitness of each network includes an efficiency term, constituting 15% of the overall fitness. This was calculated by normalising the amount of gene cycles (updates of gene expression) each network has used to solve the task. This was to encourage parsimonious solutions.
The networks were evolved using a genetic algorithm. The population size was 2000, with a crossover rate of 0.5 and a mutation rate of 0.04. The crossover operator takes the genes and epigenetic molecules from two networks, and randomly copies them into two new child solutions (such that the sum of lengths of the children equals the sum of lengths of the parents). Each component of every gene and epigenetic molecule is subject to point mutation. Networks were evolved to control 1, 3 and 5 carts, carrying out 40 runs of 250 generations in each case.
For all tasks, a single controller was evolved, and that controller was applied to each cart (relevant only for experiments containing 3 and 5 pendulums). The pendulum simulation was conducted over 4000 time steps.
VI. RESULTS
The overall results in terms of fitness ( Figure 6 ) show that the AENs outperform the AGRNs significantly using 1, 3, and 5 pendulums. From this it is clear that the use of epigenetic molecules results in increased fitness of the networks and additionally, increases the number of carts in which an optimum solution can be found. It can also be seen that the AEN runs had lower variance compared to the AGRNs. All of the solutions from the AENs had fitness above 0.5, which demonstrates that they were able to overcome significantly more of the local optima described in [30] than the AGRNs.
The correct result for the 5 pendulum task can be seen in Figure 7 . When using 3 and 5 pendulums, only the AENs were able to produce a correct result (A correct result, is a network that can maintain the pendulums in an upright position, corresponding to a fitness of > 0.75).
A. Network Analysis
To determine whether the epigenetic control layer was used by the evolved networks, only the AENs that achieve a correct score ( > 0.75) were analysed. This is because Fig. 7 .
Illustration of the optimum behaviour produced when using 5 pendulums. The solution was achieved using the AEN correct solutions can perform two tasks, firstly swing to get the pendulum in an upright position, and secondly to maintain it there. All of these evolved networks had a fitness > 0.75. Of the AENs analysed, the vast majority (> 90 %) showed a major change in epigenetic control at critical points in the simulation. The most significant change came when the pendulum went from a swinging position to an upright position. This can be seen in Figure 8 . This network shows a clear change in dynamics at 1000 steps, the point at which the pendulum moves into an upright position. This dynamical regime remains for the rest of the run.
To understand if the AENs and the AGRNs were performing the task in the same way, their phase portraits were analysed. These showed that there was no clear difference between the networks' phase portraits. Both showed a similar topological structure when swinging the pendulum (Figure 9) , with a distinct change in dynamics when the pendulum is upright ( Figure  10 ). From this it can be deduced that the epigenetic molecules are not changing the overall function of the networks, but are changing the ease with which this function can be expressed.
B. Reducing network dimensionality via the epigenetic control layer
A further benefit of using the AEN over the AGRN is that once the networks have evolved, the epigenetic controller partitions certain genes to control certain dynamical regions within the task. These partitions can then be selected by manually controlling which epigenetic molecules are active. Therefore, the AENs not only provide a solution to a problem, they also enable a certain level of manual control over the task during execution. Hence, we can reduce the control of the network to between 2 and 5 epigenetic molecules. This is what the reduction in network dimensionality refers to. In this respect, the AEN can be seen as less of a black box computational model when compared to other artificial biochemical networks, as more information is available about the regulatory dynamics.
The reduction in network dimensionality is a very promising attribute which provides a significantly simpler interface to the control of the underlying network dynamics. Form this, it is possible to apply these networks to poorly understood real world problems and with this additional level of control, generate significantly more information than would otherwise be possible.
VII. CONCLUSION
In this paper, we have shown that the Artificial Epigenetic Network (AEN) can be evolved to provide a correct controller to the coupled inverted pendulums benchmark. These evolved controllers perform significantly better than Artificial Gene Regulatory Networks (AGRN). From the results, it is clear that the AENs can autonomously evolve partitions within the network that are applied to specific dynamical regions within the task. This ties in well with the biological background that inspired this study.
The results are very promising, and open up the door to networks that have a greater ability to solve complex problems, whilst allowing a level of user control during execution. These networks may be able to evolve into much more complex and diverse systems without the need to use the entire network all at one time.
In future work, we plan to investigate how AENs function when applied to other complex problems, and to provide a better understanding of the dynamics of the networks. 
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